Introduction 47
The human retina contains rods, cones and the photopigment melanopsin, which is expressed 48 in a subset of so-called intrinsically photosensitive retinal ganglion cells (ipRGCs) [1] [2] [3] [4] [5] . All 49 photoreceptors are thought to contribute to visual function, though their exact contributions in 50 naturalistic behaviour depend on the spatial and temporal characteristics of the input into the 51 retina, and the task at hand [6] . The aperture of the eye -the pupil -changes its size 52 depending on the activity of the photoreceptors in the retina, and pupillometry represents a 53 non-invasive and convenient method of assessing photoreceptor function. At photopic light 54 levels, pupil size is controlled by an excitatory input of L+M (luminance), an inhibitory input 55 of S cones (and possibly M cones, see [7, 8] ), as well as a positive input from melanopsin 56 ( Fig. 1A) . 57 These distinct retinal pathways have been rigorously described in analytical and parametric 58 studies under extremely well-controlled but relatively reduced stimulus conditions typically 59 employing spatially homogenous fields [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Nevertheless,the importance of each 60 photoreceptor class in defining pupil size in more naturalistic viewing conditions remains to 61 be established. Here, we asked whether it is possible to address this problem by embedding 62 photoreceptor-specific modulations into movies seen under naturalistic viewing conditions. 63 The spectral tuning of the individual photoreceptors is relatively broadband, and therefore 64 any given light will activate all photoreceptors (Fig. 1B) . To assess the response of any given the exchange between the spectra only stimulates one class of photoreceptors (the stimulated 73 photoreceptors), while not changing the activation of the set of silent photoreceptors. These 74 pairs are also called metamers. Silent substitution is possible because of a property of 75 photoreceptors called the principle of univariance [19]: a given photopigment integrates light 76 depending on its spectral sensitivity, but it does not retain information about wavelength and 77 intensity, producing only a scalar output.
78
Silent substitution can be achieved using any light source which has at least as many 79 independent lights as spectral photoreceptors to be examined. In practice, for the human eye, 80 which is five photoreceptor classes, one needs five independent lights; or under photopic 81 conditions, in which orthodoxy assumes rods to be saturated [20] (but see [21] for evidence 82 in mice and [22] for evidence in humans that this orthodoxy is challenged), four independent 83 lights. Silent substitution can be realized in multiple ways, such as using a set of LEDs 84 combined optically [7, 9-11, 13-16, 23-25] , a combination of broadband light filtered through 85 a diffraction grating and imaged on digital micromirror device [12, [26] [27] [28] (see [29] for 86 technical details), or using modified projectors [30, 31] .
87
In this work, we used a modified projector system, the design of which was described 88 previously [31] , to examine the pupil responses to photoreceptor-selective sinusoidal 89 modulations embedded in short greyscale cartoon clips. Under photopic conditions, we 90 examined responses to stimuli targeted at the LMS cones (with no modulation of 91 melanopsin), melanopsin (with no modulation of LMS cones), and a modulation of all 92 photoreceptors, which we term Light Flux. We find evidence that all photoreceptors regulate 93 pupil size to some degree even during high spatiotemporal frequency modulations. (Fig. 1E, length 6m11s ). The film was first turned into a greyscale movie and 122 then processed in MATLAB to embed photoreceptor-directed modulations into the 123 luminance variations ( Fig. 1F, G 
Results

170
Photoreceptor-selective modulations embedded in movies produce distinct pupil responses.
171
The 0.25 Hz photoreceptor-specific modulations stimuli evoked distinct responses in all 172 observers ( Fig. 2A-D) . The strongest response (in amplitude expressed as percent change in 173 pupil diameter relative to the mean) was elicited by the Light flux modulations (mean±1SD = 174 5.0616±1.2554%), followed by L+M+S (mean±1SD = 4.1340±0.9263%). This difference is 175 significantly different (t(10) = -2.6852, p = 0.0229) (Fig. 3A) . In many observers we find a 176 small melanopsin-evoked pupil response and in aggregate, there is a significant difference 177 between the Melanopsin (mean±1SD = 2.1182±1.3096%) and the Reference condition 178 (mean±1SD = 1.0792±0.7652) (t(10) = 2.6885, p = 0.0228). We note that the melanopsin-179 evoked pupil response is somewhat inconsistent across observers, pointing to individual 180 differences in the observers' melanopsin sensitivity ( Fig. 2B; 3A, B) .
181
Amplitude and phase of pupil responses. Expressed as amplitude and phase, we find that to the stimulus onset ( Fig. 2A, C; 3B) , which is consistent with the "dead time" of the human 186 pupil response (~200-300 msec). For the melanopsin-evoked pupil response, we find 187 variability in both amplitude and phase ( Fig. 2B; 3A . 4) . 196 Conceptually, this is a vector sum model, where the pupil response to each modulation 197 corresponds to a vector (defined by a given phase and amplitude), and we simply add vectors 198 ( Fig. 4, inset) , yielding a new vector. We find that the amplitude of the complex sum of the 199 LMS and melanopsin pupil response can account for the Light Flux pupil response while the 200 LMS response only does so in a limited way (Fig. 4) . We note that a better fit of the 201 amplitude of the complex sum already requires that the phase of the two summands is aligned 202 in such a way as to yield a better-fitting amplitude, we did not consider the goodness-of-fit of 203 phase. Fig. S8 ).
220
Defining pupil size during free viewing of naturalistic stimuli. By embedding the modulations 221 in a naturalistic "entertainment" movie, we have placed the task in an ecologically-relevant 222 context for using a video display unit (VDU). Allowing the participants to freely view the 223 movie and not adhere to specific fixation procedures gives the paradigm an additional 224 naturalistic aspect to it. While much emphasis has been placed on examining the 225 photoreceptor inputs into pupillary control under well-controlled but relatively reduced 226 stimulus conditions, our approach provides an understanding of these inputs which is 227 complementary to more parametric and analytical approaches. Using this pragmatic approach 228 to see if we could modulate the activity of photoreceptors in a task that human participants 229 might engage in, in a normal day-to-day sense, we indeed confirm that all photoreceptors 230 known to be active at photopic light levels (as established in previous studies, e.g. [12, 13] ), 231 can be manipulated using modulations embedded in naturalistic movies.
232
Individual differences. We note that there appear to be large individual differences which 233 warrant further investigation, both in amplitude and phase. For one observer, S07 and also 234 author of this study, pupil modulation induced by the melanopsin stimulus was of opposite 235 phase to most other observers (Fig. 2B) . This observer has had extensive experience in 236 viewing melanopsin-directed stimuli or modulations on the projector system. Because of the 237 distribution of macular pigment in the central region of the retina, Maxwell's spot [35, 36] 238 may be visible for some observers and we hypothesize that this might be the reason for the 239 odd out-of-phase response in this observer. In aggregate, however, we find that these stimuli 240 can drive photoreceptor-specific mechanisms of human pupillary control.
241
Challenges to silent substitution. The silent substitution nominally allows selective 242 stimulation of a given photoreceptor class. Silent substitution requires, however, a good 243 estimate of the human participants' spectral sensitivities. In practice, these are assumed based 244 on standard cone fundamentals such as the physiologically-relevant CIE cone fundamentals
245
[33]; some investigators also allow for an individual-observer calibration routine (e.g. [9] [10] [11] 246 13, 25]). In this work, for practical and pragmatic reasons, we forwent calibration at the level 247 of the individual observer, and simply accounted for age-dependent differences in 248 prereceptoral filtering, which largely affects the amount of short-wavelength filtering, within 249 a given age bracket spanning 5 years. In our modulations, we did not account for the potential 250 intrusion of rods at daylight levels [21, 22] . We note that if rods were considered to 251 contribute to these types of modulations, they would do so in a similar way for any practical 252 application involving VDUs. Towards a revision of colorimetry? In this study, we have employed a 5-primary projector- 
